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T
he increasing use of nanomaterials in industrial processes and commercial products has generated a need for systematic assessment of potential biological and environmental risks (1, 2) . This task is complicated by the sheer number and variety of nanomaterials and by the multitude of assays available to assess deleterious effects. Gold nanomaterials have received significant attention because of their unique physical and chemical properties that make them well suited for both basic biological research and biomedical applications (3, 4) . A number of studies have evaluated the toxicity of a variety of gold nanoparticles (reviewed in references 5 and 6). Although the multiplicity of both gold nanoparticle type and toxicity assay complicate direct comparisons, a number of reports indicate that the type of particle tested in the present study (ϳ1 nm, positively charged) can elicit toxicity (7) (8) (9) (10) . While the yeast Saccharomyces cerevisiae has been a prominent and highly informative biological model (11) , its use for evaluating the effects of nanomaterials appears to be limited based on few published reports (12) (13) (14) (15) . Here, we asked whether use of the yeast model could be informative with respect to determining the toxicity of the same functionalized gold nanoparticle previously found to cause significant mortality in embryonic zebrafish (8) .
Functionalized gold nanoparticles. Synthesis and characterization of the gold nanoparticles (AuNPs) have been described (16, 17) . The particles (Au 11 [ligand] 10 ) comprised a 0.8-nm 11-atom gold core, functionalized with either (i) positively charged N,N,N trimethylammoniumethanethiol (TMAT) as the iodide salt, (ii) negatively charged 2-mercaptoethanesulfonate (MES) as the sodium salt, or (iii) neutral 2-[2-(2-mercaptoethoxy)ethoxy]ethanol (MEEE) (Fig. 1A) . Throughout this report, these functionalized gold nanoparticles are referred to as 0.8-nm AuTMAT, 0.8-nm AuMES, and 0.8-nm AuMEEE, respectively, to distinguish them from other gold nanoparticles described. Analogs of the TMAT functional group (Fig. 1B) , tetramethylammonium iodide, tetramethylammonium chloride, and choline chloride, were purchased from Sigma-Aldrich.
Yeast, media, toxicity assays. Saccharomyces cerevisiae BY4742 (MAT␣ his3⌬1 leu2⌬0 lys2⌬0 ura3⌬0) was used to assess the effects of the functionalized 0.8-nm AuNPs on yeast survival and growth. Strain KK86 is a rho 0 derivative of BY4742 lacking mitochondrial DNA (18) . A nonessential yeast gene deletion library (19) constructed in the BY4742 genetic background (YSC1054; Open Biosystems, Inc.) was screened for resistance to these gold nanoparticles. S. cerevisiae was grown in yeast nitrogen base without amino acids (Difco) containing 2% glucose and supplemented with 20 g/ml histidine, 30 g/ml each of leucine and lysine, and 10 g/ml of uracil (YNB and supplements) to satisfy auxotrophic requirements or in 1% yeast extract, 2% peptone, and 2% glucose (YEPD).
Fluorescence microscopy. Yeast strains were grown and prepared for fluorescence microscopy essentially as described previously (20) . Briefly, cells were grown statically for 24 h at 30°C in 200 l of YNB in a 96-well plate, after which they were pelleted by centrifugation and fixed by resuspension in 70% ethanol at room temperature for 30 min. The fixed cells were washed once with sterile distilled water and resuspended in 20 l of sterile distilled water. Five microliters of cell suspension were mixed with 5 l of mounting medium containing DAPI (4=,6-diamidino-2-phenylindole; Molecular Probes, Invitrogen; catalog no. P36935). The mixture (2.5 l) was spotted onto a slide, covered with a coverslip, and allowed to dry in the dark 1 to 2 h before sealing with transparent nail polish. Slides were held in the dark at room temperature for up to 3 days before being visualized using a Zeiss Axiovert S100 microscope equipped with a 100ϫ objective, 2ϫ zoom lens, and a Photometrics CoolSNAP HQ charge-coupled-device (CCD) camera controlled by MetaMorph 6.3 imaging software. For visualizing DAPI, excitation and emission wavelengths were 350 and 460 nm, respectively. Autofluorescence was used to visualize cell shape; excitation and emission wavelengths were 480 and 535 nm, respectively.
Yeast growth inhibition was assessed as a reduction in cell yield (A 600 ) in treated versus control cells. Cells were grown overnight in YNB and supplements, washed twice in sterile distilled water, and then diluted 1,000-fold in duplicate 250-l aliquots of YNB and supplements (control) or YNB, supplements, and AuNPs. Cells were incubated for 48 h at 30°C and 200 rpm in 1.5-ml screw-cap polypropylene tubes in triplicate, after which A 600 values were measured.
To assess survival, cultures grown overnight in either YNB and supplements or YEPD were washed twice with sterile distilled water and then incubated in 100-l aliquots of sterile distilled water at 10 5 to 10 7 cells/ml in 500-l screw-cap polypropylene tubes containing each of the functionalized 0.8-nm AuNPs. At least three replicates were performed per strain at each AuNP dose. After 24 h at 30°C and 200 rpm, cells were plated on YEPD agar in duplicate, and colonies were counted after 48 h at 30°C to determine survival relative to control cells incubated in parallel under identical conditions in sterile distilled water lacking AuNPs. The number of cells killed in the water-only control was subtracted from the number killed in the parallel AuNP exposures. No differences in survival were observed between BY4742 that had been grown overnight in either YNB and supplements or YEPD.
Screening of yeast deletion library for mutants with enhanced survival in the presence of AuNPs. The nonessential yeast gene deletion library was screened for mutants that exhibited better survival than the parent strain, BY4742, after 24 h of incubation in sterile distilled water containing AuNPs. The library was screened in pools consisting of about 100 mutants each, suspended in sterile distilled water. To minimize the possibility of underrepresentation of slower-growing mutants, all deletion mutants were initially grown individually in 96-well plates in YEPD for 24 h at 30°C, only after which cells were pooled (1 to 2 plates per pool), washed twice in sterile distilled water, and resuspended in sterile distilled water at about 3 ϫ 10 7 cells/ml. Pools of cells were then incubated in 100-l aliquots of sterile distilled water at about 10 5 cells/ml in 500-l screw-cap polypropylene tubes (1 tube per pool) containing up to 20 ppm AuNPs. After 24 h at 30°C and 200 rpm, cells were plated on YEPD agar which was incubated 48 h at 30°C. All colonies of survivors were restreaked on YEPD and were retested individually for survival after 24 h of incubation in sterile distilled water in the presence of AuNPs. The survival of mutants that retested positive relative to BY4742 (P Յ 0.05, twosided Student's t test) was then evaluated at multiple concentrations of the AuNPs. The AuNP exposure protocol used to screen the library was developed based on preliminary experiments to determine conditions that the parental strain, BY4742, was unable to survive.
Mutant identification. Deletion mutants that exhibited enhanced survival were identified by sequencing mutant-specific oligonucleotide tag sequences within a PCR product generated using primers complementary to sequences shared by all mutants. Colony PCR (21) was performed using the polymerase pfx (Invitrogen) according to the manufacturer's instructions. PCR products were purified (Qiaquick spin columns; Qiagen) by following the PCR cleanup protocol and sequenced at the Oregon State University Center for Genome Research and Biocomputing.
Assessment of toxicity. Possible deleterious interactions between the 0.8-nm AuNPs and yeast were assessed initially as the ability to inhibit growth, measured as cell yield (A 600 ) after incubation in YNB and supplements for 48 h. No reduction in yield was observed between BY4742 grown in the absence (control) and presence of the 0.8-nm AuTMAT, AuMES, or AuMEEE at concentrations as high as 100 g/ml (data not shown). While we are not aware of published data on the response of yeast to these 0.8-nm AuNPs, a recent study reported that the same 0.8-nm AuTMAT NP and a 1.5-nm AuTMAT NP (a larger particle with the same surface coating), at concentrations ranging from 80 ppb to 250 ppm, induced significantly greater lethality in embryonic zebrafish than either the negatively charged AuMES or neutral AuMEEE NPs of the same sizes (8) . A related but somewhat larger cationic AuNP (1.4-nm diameter) used to monitor endocytosis in log-phase S. cerevisiae spheroplasts at 5 to 10 M was not reported to cause growth inhibition (22) (23) (24) . This particle is quite different than the particles used in the present study. It is coated with phosphine ligands easily displaced in biological medium in the presence of thiols and has only 6 positive charges in the ligand shell compared to at least 30 positive charges in the 1.5-nm AuTMAT particle. Because the incubation period was not longer than 90 min prior to fixation of cells for microscopic analysis, the possibility of inhibition cannot be ruled out. Nonetheless, the process of endocytosis during the incubation was not found to be abnormal. The highest 0.8-nm AuTMAT concentration tested in the present study with no apparent deleterious effect on yeast growth was 21.6 M (100 g/ml).
We next tested whether the functionalized 0.8-nm AuNPs could reduce survival of nongrowing stationary-phase cells incubated in water over 24 h. While a reduction in survival was not observed for the cells incubated with the 0.8-nm AuMES or AuMEEE nanoparticles, reduced survival of BY4742 was observed at 10 ppb of positively charged 0.8-nm AuTMAT, the lowest concentration tested (Fig. 2) . Within the range of 10 ppb and 100 ppm, a linear relationship was observed between the log of the AuTMAT dose and the log of the number of BY4742 cells killed. That is, a fixed number of cells were killed at a given AuTMAT concentration regardless of the number of cells treated, consistent with a requirement for direct and irreversible interaction between cells and some minimum number of AuTMAT particles. In order to distinguish between toxicity of the 0.8-nm AuTMAT nanoparticles and the positively charged quaternary ammonium functional group contained in the TMAT group alone, cells were exposed independently to the TMAT analogs tetramethylammonium iodide, tetramethylammonium chloride, and choline chloride (Fig. 1B) at functional group concentrations ranging from 500 to 900 M or 2 to 4 times greater on a molar basis than the concentration of TMAT groups (216 M) at the highest 0.8-nm AuTMAT dose tested, 100 g/ml. No reduction in survival of BY4742 exposed to these TMAT analogs was observed relative to untreated control cells incubated in parallel (data not shown).
Screen of yeast deletion library for resistant mutants. In order to determine which genes might predispose yeast to 0.8-nm AuTMAT-induced damage during stationary phase, mutants better able to survive the exposure were sought by screening a library of nonessential yeast deletion mutants as described above, "Screening of yeast deletion library for mutants with enhanced survival in the presence of AuNPs." Initially, 230 putative resistant mutants were isolated following exposure of pools of nongrowing deletion mutants to a concentration of 0.8-nm AuTMAT that killed an equal number of cells of the parent strain, BY4742. As described above, the screen for resistant mutants involved exposing about 10 5 CFU/ml cells to a concentration of AuTMAT that killed about 10 5 CFU/ml of the parent strain, BY4742. Upon retesting, 32 mutants were found to be reproducibly resistant and were identified by sequence analysis of mutant-specific oligonucleotide tags. Among the 32 mutants, 17 unique gene deletions were identified from among the total 4,750 mutants screened, indicating that multiple clones of the same mutants had been isolated (Table 1) . As indicated in Table 1 , 12 mutants were isolated once, two were isolated twice, one was isolated four times, and two were isolated six times.
A gene ontology (GO) analysis was undertaken to correlate loss of the genes that resulted in increased cell survival with specific components, processes, and functions (Table 2) . Highly significant enrichment was observed for genes whose products localize to the mitochondrion and to the mitochondrial large ribosomal subunit in particular. The process of "mitochondrial organization" and the function "structural constituent of ribosome" were also enriched significantly. Of the 17 genes, loss of 10 has been reported to result in respiration deficiency, equivalent to a frequency of ϳ60%, compared to ϳ7% for the original library (319 among a total of 4,750 deletion mutants) (4). This represents an approximate 9-fold enrichment (P Ͻ 10 Ϫ4 , chi-square test). Among the 17 AuNP-resistant mutants reported here, five (the mrpl37⌬, ccm1⌬, nam2⌬, img1⌬, rtc6⌬ mutants) were found to be sensitive to hydrogen peroxide (27) and seven (the abf2⌬, img1⌬, mrpl4⌬, mrpl51⌬, boi2⌬, stp2⌬, trk1⌬ mutants) were found sensitive to either or both hydrogen peroxide and menadione (28) in previous genome-wide screens. Nine of these mutants are missing genes encoding products associated with the mitochondrion, the mrpl37⌬, ccm1⌬, nam2⌬, img1⌬, rtc6⌬, abf2⌬, img1⌬, mrpl4⌬, and mrpl51⌬ mutants. While one study reported that a 1.4-nm gold nanoparticle coated with a negatively charged triphenylphosphine ligand generated significant oxidative stress and mitochondrial damage in HeLa cells (9) , loss of functional mitochondria in yeast has not always been reported to increase oxidative stress (7, 29) .
As noted above, yeast cells were observed to take up a positively charged triphenylphosphine-stabilized 1.4-nm AuNP via endocytosis (23). Uptake was blocked in an end3 endocytosis mutant, while AuNPs accumulated in the early endosome of a sec18 secretory mutant. No apparent signs of toxicity were noted over the short 15-to 90-min exposure of spheroplasts to 5 M of these 1.4-nm gold nanoparticles. Although potential toxicity was not a specific focus of subsequent studies of endocytosis using the same positively charged, triphenylphosphine-stabilized AuNPs and similar conditions, no reduction in cell viability was noted (22, 24) . These results are consistent with our finding that yeast cell growth, assessed as cell yield, was unaffected by exposing intact cells to as much as 22 M of the 0.8-nm AuTMAT nanoparticles, corresponding to the 100-g/ml dose. The observation that a trk1⌬ mutant was resistant suggests an alternative route for AuTMAT uptake. TRK1 encodes a potassium channel, and in Candida albicans, this same channel was found to mediate the toxicity of the cationic protein, histatin 5, whose molecular weight, 3,036 Da, is close to that of the 0.8-nm AuTMAT, 4,626 Da (30) . The authors proposed a model whereby binding of histatin 5 by Tkr1 distorted channel shape, allowing leakage of ATP and potassium. We speculate that "jamming" of the S. cerevisiae Trk1 channel by the 0.8-nm AuTMAT might lead to similar leakage of essential cytoplasmic constituents. On the other hand, it is possible that AuTMAT could reduce cell survival in the absence of uptake through interaction with negatively charged phosphomannans in the cell wall or phospholipids in the cell membrane.
Five of the 17 resistant mutants (the ccm⌬, nam2⌬, mrpl4⌬, rtc6⌬, and mrpl51⌬ mutants) were reported elsewhere to excrete significant amounts of glutathione after 48 h of growth in a YNB- based medium in an independent screen of the corresponding homozygous diploids (31) . Whether these mutants accumulated or excreted excess glutathione during the 0.8-nm AuTMAT exposure performed in water at 30°C over 24 h in the present study is unknown. If so, thiol exchange with glutathione may have resulted in detoxification of the original AuTMAT NP.
Dose-response analysis of resistant mutants. Once the 17 deletion mutants were identified, dose-response analysis was undertaken on clones retrieved from the original library rather than the clones that had been exposed to the 0.8-nm AuTMAT to minimize the possibility that second-site mutations may have been selected during exposure. Table 3 lists the mutants in decreasing order of resistance to 100 ppm of 0.8-nm AuTMAT. The most resistant mutant, the mrpl51⌬ mutant, exhibited about 6-fold better survival than the parent strain, while the least resistant mutant, the YMR155w⌬ mutant, exhibited only 16% better survival. At the 10-ppm 0.8-nm AuTMAT dose, four mutants exhibited the same (the boi2⌬, img1⌬, and rtc6⌬ mutants) or worse (the abf2⌬ mutant) survival than the parent. The other 13 mutants had better survival than the parent at both the 10-and 100-ppm 0.8-nm AuTMAT doses. One explanation for the observed enrichment in mutants impaired in mitochondrial protein synthesis is that such activity is critical for maintenance of the mitochondrial genome (32) and that the subsequent likely loss of the mitochondrial genome in these mutants accounts for their resistance. To test this possibility, we assayed survival of KK86, a BY4742 derivative lacking mitochondrial DNA (18) following treatment with AuTMAT. At the 10-ppm dose, the survival of KK86 was found to be the same as that of the parent strain BY4742, while at the 100-ppm AuTMAT dose, survival of BY4742 was 1.8 times better (P ϭ 0.032). This indicates that the rho 0 strain is actually more sensitive than the wild-type strain. We conclude that loss of the mitochondrial genome alone cannot explain the AuTMAT resistance. All mutants were also subjected to fluorescence microscopy using DAPI to determine the presence of mitochondrial DNA with BY4742 and KK86 serving as positive and negative controls, respectively. Among the 12 to 27 cells scored per strain, 25 to 100% contained mitochondrial DNA based on observation of a single spot of prominent fluorescence, with weaker spots of fluorescence throughout a cell (20) (see Table S1 and Fig. S1 in the supplemental material).
Was the yeast model informative with respect to assessing the potential toxicity of the 0.8-nm AuNPs tested? The observation that growing cells were insensitive to the damage observed in higher eukaryotes at similar concentrations suggests major differences in uptake or response. On the other hand, the observed susceptibility of nongrowing stationary-phase cells to 0.8-nm AuTMAT-mediated killing indicates similarities. Through the ability to readily link phenotype with genotype by mutational analysis, it was possible to determine that functional mitochondria appear to predispose yeast to damage. The finding that about 1/3 of the resistant mutants had previously been found to excrete significant amounts of glutathione suggests the possibility of 0.8-nm AuTMAT detoxification by thiol exchange.
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